Purpose: Omidenepag isopropyl (OMDI) is a prodrug of OMD, a selective, nonprostaglandin, prostanoid EP2 receptor agonist. This phase I study aimed to investigate the pharmacokinetic properties, safety, and intraocular pressure (IOP)-lowering efficacy of OMDI. Methods: Fourteen healthy male volunteers (7 Japanese and 7 Caucasian) 20-35 years of age received 1 drop of OMDI 0.0025% at 9:00 h in both eyes for 7 days. Blood samples were taken predose and up to 8 h postdose on days 1, 3, and 7. The plasma concentration of OMD was determined using high-performance liquid chromatography-tandem mass spectrometry. Pharmacokinetic parameters measured included the maximum plasma concentration (C max ) and the half-life (t ½ ) of OMD. IOP, adverse events (AEs), ophthalmic examinations, vital signs, and laboratory values were assessed. Results: C max for all subjects was reached after 10-15 min and decreased with a t ½ of *30 min. Ad hoc statistical analyses found significant differences in some pharmacokinetic parameters between Japanese and Caucasian subjects, likely due to differences in body weight. These differences reduced over 7 days of dosing and were not thought to be clinically meaningful. There was no OMD accumulation after 7 days of repeated dosing. Mean IOP was reduced by *4-5 mmHg between baseline and 2 h postdose, remaining stable from day 3 onward. All AEs were mild and considered treatment related. Conclusions: Pharmacokinetic parameters of OMD were similar between Japanese and Caucasian subjects. There was no accumulation of OMD after 7 days of dosing. OMDI was well tolerated and demonstrated clinically significant IOP reductions.
Introduction
G laucoma is a major ocular disorder that, if left untreated, can lead to irreversible blindness as a result of retinal ganglion cell death and optic nerve damage. 1 The main strategy to prevent glaucoma progression is to reduce intraocular pressure (IOP). 2 There are several classes of with few systemic side effects, and need to be taken only once daily, which promotes good treatment adherence. 2, 4 However, it has been shown that *40% of patients treated with FP agonists require adjunctive treatment to sufficiently reduce their IOP; *9% of patients require 3 medications to achieve a target IOP of £24 mmHg and a minimum 20% reduction in IOP. 5, 6 One study found that the percentage of patients who required adjunctive therapy was 35 .0% for those on travoprost, 51.3% for those on bimatoprost, and 37.3% for those on latanoprost 7 ; the median time to initiation of adjunctive therapy was 113, 83, and 101 days, respectively. 7 Additionally, studies have shown that some patients have little or no response to FP agonists. [8] [9] [10] However, reported rates of nonresponse are varied, potentially because of differences in patient population, definition of nonresponse, and duration of clinical study.
In a retrospective study in Japanese patients (n = 57), latanoprost nonresponse, defined as a £10% IOP reduction rate, was reported in 28.1% of patients at month 3. 8 Furthermore, in a prospective randomized study of predominantly Caucasian patients (n = 111/136; 82%), latanoprost nonresponse, defined as an IOP reduction of <15% from baseline at every measurement during the day (8:00, 12:00, and 16:00 h), was reported in 51.5% of the 125 patients who were treated with latanoprost and completed the 6-month study. 10 Of those treated with latanoprost, 30 patients (22%) had previously been treated with FP agonists, including latanoprost. 11 However, in a multicenter prospective study involving patients who had not previously been exposed to prostaglandins and in which latanoprost nonresponse was defined as an IOP reduction of <15% from baseline (average of 6 measurements from 8:00 to 18:00 h), only 14 of 340 (4.1%) patients were described as nonresponders after 1 month of latanoprost treatment. 9 Therefore, although FP agonists have good IOP-lowering efficacy, additional treatments with new mechanisms of action are still required. Omidenepag isopropyl (OMDI), an ocular hypotensive agent with a novel mechanism of action, 12 was approved by the Japanese regulatory authority in September 2018 for the treatment of glaucoma and ocular hypotension. OMDI is hydrolyzed in the eye during corneal penetration to its active metabolite OMD, a selective, nonprostaglandin, prostanoid EP2 agonist. 4 A study in ocular hypertensive monkeys demonstrated that OMDI lowers IOP by increasing the outflow of aqueous humor from both the uveoscleral pathway (176% increase compared with vehicle treatment; P = 0.033) and the conventional outflow pathway (71% increase; P = 0.028). 12 This differs from the findings of aqueous humor dynamics studies of FP agonists, which demonstrate that aqueous humor outflow is increased predominantly through the uveoscleral pathway. [13] [14] [15] A study of travoprost 0.004% in monkeys demonstrated that the increase in uveoscleral outflow was significant in normotensive eyes (P = 0.02), but that there was no effect on aqueous flow or outflow facility. 13 Similarly, a study investigating the mechanism of action of latanoprost 0.005% in cynomolgus monkeys with glaucoma concluded that the uveoscleral outflow was increased but that there was no effect on outflow facility or aqueous humor flow rate. 15 This phase I, open-label, single-arm study was designed to evaluate the plasma pharmacokinetics, safety, tolerability, and IOP-lowering efficacy of topically administered OMDI in healthy Japanese and Caucasian subjects.
Methods

Materials
OMDI was manufactured by Ube Industries Ltd. (Yamaguchi, Japan). The structure of OMDI has been described previously. 4 
Study design
The study was conducted at one study center in Kagoshima, Japan. The study was approved by the CPC Clinical Trial Hospital's Institutional Review Board before study initiation. The study was conducted in accordance with the ministerial ordinance on Good Clinical Practice and with ethical principles based on the Declaration of Helsinki.
Written informed consent was obtained from each subject. As this is a phase I study, no power calculation was performed. Seven subjects per group (Japanese and Caucasian) were enrolled to meet the sample size requirements for pharmacokinetics and safety assessment in a phase I study and to allow for study dropouts. Subjects were administered 1 drop of OMDI ophthalmic solution 0.0025% in both eyes once a day at 9:00 h for 7 days. This dose was selected based on the safety and efficacy findings from a phase II dosefinding study. 16 The key inclusion criteria were age 20-35 years; healthy male volunteer; central corneal thickness (CCT) ‡480 and £600 mm in each eye; and Japanese or Caucasian ethnicity (Japanese subjects were defined as having been born in Japan to parents who were both Japanese, and Caucasian subjects were defined as having been born outside of Japan to parents who were both Caucasian). The key exclusion criteria were a corrected visual acuity of <1.0 in either eye when measured with the Snellen visual acuity chart; body weight £80% or ‡120% of the standard body weight expected; a history of current ocular or systemic diseases; drug or alcohol dependency; and excessive exercise.
Pharmacokinetics
Blood samples for pharmacokinetic analysis were collected from each subject and placed in a blood-collection tube containing heparin sodium at the following time points: predose, and 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, and 8 h after OMDI administration on days 1, 3, and 7. At each time point, 2 samples were taken to provide a primary and a back-up sample. After collection, the blood sample was immediately centrifuged at 4°C and 3,000 rpm for 10 min to obtain the plasma fraction. Plasma samples were stored frozen (at -80°C at the clinical site and then at less than -65°C at the test facility) until analyzed.
The plasma concentration of OMD was determined by validated high-performance liquid chromatography-tandem mass spectrometry assays using the deuterated form of OMD as an internal standard. The lower limit of quantification for the plasma concentration of OMD was 1.00 pg/mL. In-study validation at 3 nominal concentrations demonstrated assay accuracy ranging from 88% to 109% for plasma concentrations. A retrospective t-test was performed to assess differences in the pharmacokinetic parameters between the Japanese and Caucasian subject populations; differences were considered significant if the P-value was <0.05.
IOP measurement
IOP was measured during the screening period, 1 day before instillation (at 9:00, 10:00, 11:00, 13:00, 17:00, and 21:00 h), immediately before instillation (9:00 h), and at 1, 2, 4, 8, and 12 h postdose on days 1-7, and at 9:00 h on day 8. IOP was measured in triplicate in both eyes using an FT-1000 noncontact ophthalmotonometer (Tomey Corporation, Nagoya, Aichi, Japan), and the mean IOP value was recorded.
Safety
The occurrence and severity of adverse events (AEs), including abnormal laboratory values, were recorded from day 1 to 8. The causality of the AE was adjudicated by the investigator. If a causal relationship to the medication was reasonable, the event was defined as an adverse drug reaction. Iritis was prespecified as an important risk of treatment.
In addition to AEs, other safety variables that were recorded included ophthalmic examinations, vital signs, and laboratory values. Ophthalmic examinations included slit-lamp biomicroscopy, refractometry, pachymetry, anterior segment photography, and ophthalmoscopy, in addition to measurements of visual acuity, pupil diameter, and aqueous flare. The vital signs measured were blood pressure, pulse rate, and 12-lead electrocardiography. Blood and urine samples were collected on days 1 and 8 to determine laboratory values such as aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, in addition to other hematological, blood biochemistry, serological, and urinalysis test values. CCT was measured using an ultrasound pachymeter SP-100 (Tomey Corporation) at 8:00 h on days 1-7 and at 9:00 h on day 8.
Calculation of pharmacokinetic parameters
Pharmacokinetic parameters were calculated for each subject using Phoenix WinNonlin Professional version 6.4 (Certara, L.P., Princeton, NJ). These parameters were area under the curve computed to 8 h (AUC 0-8h ), AUC extrapolated to infinity (AUC inf ), maximum plasma concentration (C max ), time to reach maximum plasma concentration (T max ), and halflife (t ½ ) of OMD.
Results
Demographics
In total, 14 healthy male subjects enrolled in and completed the study (7 Japanese and 7 Caucasian). Baseline demographics and clinical characteristics are shown in Table 1 .
Pharmacokinetics
The plasma concentration profiles of OMD on days 1, 3, and 7 after dosing of OMDI ophthalmic solution 0.0025% in both eyes at 9:00 h are shown in Fig. 1 . Table 2 shows the pharmacokinetic parameters of OMD on days 1, 3, and 7 after dosing of OMDI ophthalmic solution 0.0025% in both eyes at 9:00 h. OMD was rapidly absorbed in both Japanese and Caucasian subjects; C max was reached *10 min after instillation.
After the peak concentration was reached, OMD concentration rapidly decreased in both Japanese and Caucasian subjects, with a mean t ½ of *30 min. The mean plasma concentration decreased after 2 h to *2.0 pg/mL in Japanese subjects and 0.7 pg/mL in Caucasian subjects. All plasma concentration measurements, predose, and 4 and 8 h postdose, were below the limit of quantification (<1.0 pg/mL). A similar trend was observed for these measurements on days 3 and 7.
The meanstandard deviation (SD) C max of OMD in each subject ranged from 37.5 -15.5 pg/mL to 41.5 -20.1 pg/mL in the Japanese subjects and from 27.2 -10.2 pg/mL to 33.3 -11.8 pg/mL in the Caucasian subjects throughout the treatment period. There was no accumulation of OMD plasma concentration after 7 days of repeated dosing once a day.
A retrospective statistical analysis found that after 7 days of administration, there were statistically significant differences in some of the pharmacokinetic parameters between Japanese and Caucasian subjects ( Table 2 ). These differences became less prominent by days 3 and 7 and were not considered by the investigator(s) to be clinically or pharmacologically meaningful.
Intraocular pressure
The mean diurnal IOP -SD at baseline was 14.8 -1.49 mmHg for Japanese subjects and 15.1 -1.84 mmHg for Caucasian subjects. Following 7 days of dosing, the mean -SD diurnal IOP reduction was 4.92 -1.37 mmHg (33.2%) for the Japanese subjects and 5.41 -1.67 mmHg (35.8%) for the Caucasian subjects. The reduction in IOP was observed from 2 h after the dose ( Fig. 2A ). Maximum IOP reduction was achieved by day 3; this was sustained until the end of the study ( Fig. 2A, B) . 
Safety
AEs and their severities are summarized in Table 3 . There were no serious AEs reported and no discontinuations. All AEs were mild in severity and were judged by the investigator to be related to the study medication.
In the Japanese subject population, 1 subject experienced conjunctival hyperemia, increased AST, and increased ALT. In addition to the scheduled measurements of AST and ALT levels, unscheduled measurements were taken on day 16 for this sub-ject only. The increases in AST and ALT were of mild severity; there were no other sequelae or symptoms. AST levels increased from 20 IU/L at baseline to 40 IU/L on day 8 and decreased to 24 IU/L on day 16 during follow-up without intervention (reference range 13-33 IU/L). ALT levels were 33 IU/L at baseline, increased to 94 IU/L on day 8, and returned to 40 IU/L on day 16 without intervention (reference range 8-42 IU/L). No other abnormal biochemistry values were reported as AEs.
In the Caucasian subject population, 3 subjects experienced AEs: 1 subject experienced both conjunctival hyperemia and photophobia, 1 subject experienced conjunctival hyperemia, and 1 experienced photophobia. In the 3 subjects in whom the AE of conjunctival hyperemia was reported, 2 AEs were observed from days 3-6 and the other from days 3-7. The conjunctival hyperemia presented intermittently. The frequency of bulbar conjunctival hyperemia by anterior segment photograph was higher immediately after OMDI dosing, then decreased, and resolved later in the day. When graded by the investigator(s) with biomicroscopy, none of the subjects had conjunctival hyperemia graded with an increase of ‡2 U.
Ocular AEs resolved without intervention within 4 days, and systemic AEs resolved without intervention within 8 days. There were no reported changes in vital signs, electrocardiograms, pachymetry, anterior chamber flare, or other AEs related to safety. CCT increased during OMDI treatment and remained stable from day 4 onward, with a maximum mean increase from baseline of 39.5 -9.7 mm (7.5%) in Japanese subjects (day 5) and 36.4 -21.3 mm (7.0%) in Caucasian subjects (day 4). CCT decreased once OMDI was discontinued; the change from baseline 1 day after discontinuation was 21.1 -13.9 mm (4.0%) in Japanese subjects (day 8) and 27.1 -23.5 mm (5.2%) in Caucasian subjects (day 8).
Discussion
This study demonstrated that repeated dosing of OMDI once a day led to low plasma levels of OMD that did not accumulate over time. C max for all subjects was reached after 10-15 min and decreased with a t ½ of *30 min. The AEs experienced by the subjects were all mild and resolved within 8 days, suggesting that OMDI was well tolerated. Topical application of OMDI resulted in mean IOP reductions of 33.2% and 35.8% in Japanese and Caucasian subjects, respectively. IOP reductions were sustained over 24 h following a single daily dose of OMDI. As a clinically significant IOP reduction is typically defined as 15%-20%, this suggests that OMDI achieved clinically significant reductions in IOP. 17 Variations in the pharmacokinetic properties of drugs between Asian and Caucasian subjects can occur because of differences in the functional and nonfunctional allelic variants of genes encoding enzymes that are involved in drug metabolism, such as CYP2C9, 2C19, and 2D6 subfamilies, or P450 cytochromes. [18] [19] [20] These enzymes play an important role in metabolizing drugs. 18 OMD is metabolized by the CYP3A4 enzyme, a highly conserved enzyme that does not have a high degree of allelic variation, which limits the pharmacokinetic variation described for the aforementioned enzymes in different ethnicities. 20 This makes it unlikely that there will be a difference in rates of OMD metabolism between these groups. 20, 21 After administration, there were statistically significant differences in some of the pharmacokinetic parameters between the Japanese and the Caucasian subjects in this study, particularly on day 1. On days 1, 3, and 7, the Japanese/ Caucasian ratio for some of the pharmacokinetic parameters related to amount and concentration was >1 (Table 2 ; C max, AUC 0-8h, and AUC inf ). This could be a consequence of the differences in mean body weight between the 2 populations, rather than being related to metabolic rate differences as a result of genetic variability. This study did not record weight data for subjects included in the analysis; however, the mean average body weight for Japanese males 26-39 years of age has been reported as 68.3 kg, and the mean average body weight for Caucasian males 20-39 years of age was 87.9 kg. 22, 23 In this study, based on the mean average body weights for these populations, the dose per weight was higher in Japanese subjects compared with Caucasian subjects: *0.022 and *0.017 mg/kg, respectively ( Japanese/Caucasian dose 
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ratio: 1.29). That being said, this study was not designed to assess the statistical differences between the 2 patient populations. Therefore, the results of this ad hoc statistical analysis should be interpreted with caution. Butaprost was one of the first EP2 agonists to be reported, but its clinical utility was limited because its structure was prone to undergoing dehydration, which made the drug inactive, and it had weak potency compared with endogenous prostaglandin E2. Therefore, it did not enter the clinical phases. 24 Another selective EP2 agonist, taprenepag isopropyl, was investigated in multiple animal models, which established that it was more potent than latanoprost 0.005% in terms of maximal IOP-lowering efficacy and 24-h IOP control. 25 It was also demonstrated that a combination of taprenepag isopropyl and latanoprost exerted a greater IOP-lowering effect than either drug administered as monotherapy. How-ever, iritis was identified in a phase II study, occurring in 7.3% of patients over 14 days of treatment and 7.5% of patients over 28 days of treatment with taprenepag isopropyl monotherapy. 25 The clinical development of taprenepag isopropyl has been discontinued.
OMDI remains the most potent EP2 agonist with regard to binding affinity for the EP2 receptor. 24 No cases of iritis were reported with OMDI treatment during this phase I study, although this could be because of the small sample size and the short duration of treatment. A larger, longer trial would be needed to continue monitoring this AE.
Ocular AEs such as conjunctival hyperemia and photophobia are common side effects of current IOP-lowering medications, which occur as a result of the medication itself and the presence of tear-film-destabilizing preservatives. 2,26-28 Conjunctival hyperemia and photophobia were observed in this study, but they were mild in severity and
FIG. 2. (A)
Mean -SD IOP at each time point, averaged over both eyes; (B) reduction in mean -SD diurnal IOP over time, averaged over both eyes. *IOP was measured during the screening period, 1 day before instillation (at 9:00, 10:00, 11:00, 13:00, 17:00, and 21:00 h), immediately before instillation (9:00 h), at 1, 2, 4, 8, and 12 h postdose on days 1-7, and at 9:00 h on day 8. IOP, intraocular pressure. recovered during the study period. There were no reports of treatment termination due to AEs. Therefore, OMDI ophthalmic solution 0.0025% was considered tolerable in this study.
A slight increase in CCT of 7.5% and 7.0% was observed in Japanese and Caucasian subjects, respectively; this occurred after 5 days of OMDI dosing in Japanese subjects and after 4 days for Caucasian subjects. However, no AEs of corneal thickness were reported, and no corneal edema/swelling was observed with slit-lamp biomicroscopy. The extent of this increase is within physiological diurnal variation, which has previously been reported as *3%-8%. 29 However, the data from the present study are limited by the small sample size. A study with a larger sample size and longer duration would be required to closely monitor this potential change in CCT and its associated impact on corneal health.
Other ocular hypotensives have also been shown to affect corneal thickness; for example, CAIs have been shown to increase CCT by *2%, 30, 31 and FP agonists have been shown to decrease CCT by *2%. 32, 33 Several hypotheses have been proposed, including stromal swelling due to a CAI-mediated decrease in HCO 3 -, 30 or FP agonist-mediated upregulation of matrix metalloproteinases leading to decreased levels of collagen in the extracellular matrix of the corneal stroma. 34, 35 However, the precise mechanism by which OMDI increases CCT has yet to be elucidated, and further investigation is required.
The relatively short half-life of OMD in blood plasma indicates low systemic exposure with topical administration. The increase in liver enzyme levels (AST and ALT) reported in 1 Japanese subject was transient, did not result in any symptoms or sequelae, and recovered without intervention within 8 days after discontinuation of study medication. Therefore, it was not considered clinically significant. The peak AST level was 40 IU/L, a small elevation compared with the reference range of laboratory parameters for the study population (13-33 IU/L). Likewise, the peak ALT level in this study (94 IU/L; reference range 8-42 IU/L) showed only minimal elevation.
Increased AST and ALT levels may be caused by excessive exercise; 36, 37 however, any subjects who had done or were planning to do excessive exercise during the study period from 7 days before OMDI instillation were excluded from the study. Increases in aminotransferase levels may also be caused by systemic infections. 36 In summary, there appear to be no systemic safety concerns associated with topical use of OMDI ophthalmic solution 0.0025%.
Topical application of OMDI resulted in clinically significant IOP reductions from 2 h after dosing, demonstrating an early onset of action. The maximum IOP-lowering effect was reached on day 3, after which IOP was stable for the duration of the treatment period. These findings suggest that OMDI could be used effectively with once-daily dosing and EP2 agonists could provide an option for efficacious glaucoma treatment in the future. An IOP reduction of *4.9-5.4 mmHg was achieved in healthy volunteers with normal IOP at study entry. This suggests that OMDI may be effective in lowering IOP in patients with normal-tension glaucoma; however, further studies will be required to confirm this hypothesis.
The limitations of this study are that only a limited number of participants were enrolled, the treatment was short term, and the study was not powered to assess statistical differences between the 2 patient populations. A relative strength of this study is the 2 distinct populations, allowing the data to be applied to a more diverse population.
In conclusion, when OMDI, a selective, nonprostaglandin, prostanoid EP2 agonist, was administered topically to healthy male volunteers, plasma levels of its active metabolite, OMD, were generally low with a short half-life. Accumulation after repeated dosing was not observed, indicating minimal systemic exposure, and there were no systemic safety concerns in this study. The pharmacokinetic parameters of OMD were similar in Japanese and Caucasian subjects after 7 days of repeated dosing, considering the difference in average body weights between the 2 cohorts.
Overall, OMDI ophthalmic solution 0.0025% had an acceptable tolerability profile. Topical treatment with OMDI resulted in clinically significant reductions in IOP. The maximum IOP-lowering effect was observed by day 3, after which the IOP remained stable for the duration of the treatment term. The early onset of IOP reduction using a dosing regimen of once-daily drops provides the potential for good adherence to OMDI. 
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